Proteus rettgeri has been found to contain two separable L-amino acid oxidases. Both enzymes are particulate in nature, neither being ribosomal bound. One of these enzymes appears to have broad specificity, being active toward monoaminomonocarboxylic, imino, aromatic, sulfur-containing, and,-hydroxy amino acids. The other enzyme has more limited specificity, catalyzing the oxidative deamination of the basic amino acids and citrulline. The affinity of this oxidase for the various substrates at pH 7.6 in decreasing order is arginine, histidine, ornithine, citrulline, and lysine. This enzyme has a particularly high affinity for arginine (Km = 0.27 mM), and anomalous kinetics are observed with increasing substrate concentrations. When concentrations of arginine greater than 1.0 mM were added to the reaction containing histidine, imidazole pyruvate formation was completely inhibited.
All members of the genus Proteus are known to contain L-amino acid oxidases (17) . Bernheim et al. (2) first observed that P. vulgaris would oxidize practically all of the naturally occurring L-amino acids. Stumpf and Green (20) came to similar conclusions and on the basis of stability studies suggested that P. vulgaris contained more than one L-amino acid oxidase. Pelmont et al. (14) have recently shown that P. mirabilis, P. vulgaris, and P. morganii cell envelopes are all rich in oxidase activity when tested against numerous L-amino acids. Most of the substrates acted upon by P. mirabilis belong to two groups, substrates with aliphatic or aromatic nonpolar side chains and amino acids with positively charged side chains (14) . Thermal inactivation studies by these authors revealed that P. mirabilis possibly contained two separate oxidase systems.
Previous studies in our laboratory had shown that extracts prepared from P. rettgeri catalyze the oxidative deamination of certain L-amino acids (7, 11) . The oxidases are associated with high-speed sedimentable particles. Attempts to dissociate the enzyme from the particles by using sonication or detergents were unsuccessful. The only exogenous requirements for activity were L-amino acids and oxygen, and 0.5 mol of oxygen was consumed per mol of keto acid and ammonia released (7) . Since the particles contain sufficient catalase to decompose any peroxides formed during the course of the reaction, it was concluded that the enzyme is a general L-amino acid oxidase (EC 1.4.3.2). Evidence presented here indicates that P. rettgeri contains two distinct particulate-bound Lamino acid oxidases. One of these enzymes has limited specificity, catalyzing the oxidative deamination of basic amino acids and citrulline; the other has a broader specificity catalyzing the oxidative deamination of monoaminomonocarboxylic, imino, aromatic, sulfur-containing, and 3-hydroxy L-amino acids.
MATERIALS AND METHODS Materials. L-Amino acids were obtained from Sigma Chemical Co., and L-["4C]histidine was obtained from Amersham Searle Corp. Catalase (EC 1.11.1.6) and bovine pancrease ribonuclease (EC 2.7.7.16) were purchased from Worthington Biochemical Corp. S-adenosyl-L-methionine was prepared by the method of Schlenk and DePalma (16) , and S-adenosyl-L-homocysteine was prepared by the method of Duerre et al. (9) .
Organism. The strain of P. rettgeri used in this study was first described by Duerre and Buckley (8) . This microorganism was originally classified as an Achromobacter species; however, due to its limited ability to ferment carbohydrates, it has been reclassified as an atypical P. rettgeri (7) . In contrast to standard strains of P. rettgeri, this microorganism is nonmotile, produces hydrogen sulfide from cysteine, and gives a negative test for indole on standard peptone or tryptophan media. The microorganism was cultured and the cells were harvested as previously described (11) .
Preparation of the enzymes. After harvesting, the bacterial cells were washed three times in 50 mM phosphate buffer, pH 7.6, containing 20 mM MgCl2. buffer and disrupted in a nitrogen-cooled pressure cell at 25,000 lb/in2. Remaining whole cells and cellular debris were removed by centrifugation at 37,000 x g for 20 min, and the resultant cell-free extract was subjected to centrifugation at 102,000 x g for 90 min with the supernatant fluid discarded. Residual particulate matter was suspended in 50 mM phosphate buffer, pH 7.6, containing 20 mM MgCl2. Particles were washed twice in this buffer and suspended in the same buffer to a concentration of 20 mg of protein per ml. All operations were carried out at 4 C unless otherwise specified.
Oxidase assay. Oxidative deamination of the Lamino acids was measured polarographically with the Gilson oxygraph. The reaction vessel contained 150
Amol of potassium phosphate buffer, pH 7.6, 30 U of catalase, 10 to 15 ug of enzyme protein, and varying concentrations of the different L-amino acids in a total volume of 1.5 ml. The amino acids were dissolved in water and the pH was adjusted to 7.6 before use. uCi/Mmol), 300 Amol of phosphate buffer, pH 7.8, 60 U of catalase, and 0.3 mg of enzyme protein in 3.0 ml. Oxygen consumption was measured manometrically. After incubating duplicate flasks at 30 C for either 10 or 20 min, the reaction mixtures were deproteinized with the addition of 0.3 ml of 50% trichloroacetic acid and the denatured protein was removed by centrifugation. A 1-ml portion of the deproteinized reaction mixture was used for total keto acid determination according to the procedure of Friedman and Haugen (10) . The 2,4-dinitrophenylhydrazone derivatives of the keto acids were prepared by adding 20 jumol of 2,4-dinotrophenylhydrazine in 2.0 M HCl to the remaining 2-ml portion. Ten micromoles of 2-oxobutyrate was added to each tube to insure complete precipitation of the hydrazone derivatives. After standing overnight at 4 C, the precipitates were collected by centrifugation and washed three times in cold distilled water. The 2,4-dinitrophenylhydrazone derivatives were dissolved in absolute alcohol, pipetted onto planchets, and dried; radioactivity was determined with a Tracerlab Omni Guard counter.
Catalase assay. The method used to measure catalase activity was that described by Beers and Sizer (1) . A,nalytical methods. Protein concentration was estimated by the method of Lowry et al. (12) , using bovine albumin as a standard. Ribonucleic acid (RNA) was hydrolyzed, and the amount of reactive ribose was measured by the orcinol reaction (5) .
RESULTS
Fractionation of the enzymes. The particulate fraction rich in L-amino acid oxidase from P. rettgeri was fractionated on a linear sucrose gradient (Fig. 1) . The fastest-moving particles were found to be rich in activity toward phenylalanine, with essentially no activity toward arginine. The slower-moving particles migrating just ahead of the ribosomes were rich in activity toward arginine.
Tubes 1 through 4 from several gradient tubes were pooled, and particles were concentrated by centrifugations at 100,000 x g for 2 h. This concentrate was suspended in 50 mM phosphate buffer, pH 7.5, and has been designated fraction I (oxidase I). Tubes 7 through 9 were also pooled, concentrated by centrifugation, and suspended in 50 mM phosphate buffer, pH 7.5. This concentrate has been designated fraction II (oxidase II).
Attempts to solubilize the oxidase from either of these fractions with Triton X-100, Brij-35, or any of the Tweens resulted in complete inactivation.
Results obtained from density gradient centrifugation studies revealed that neither oxidase I or II was bound to the ribosomes. The RNA content of fraction I as measured by the orcinol reaction was less than 3.5% of the total dry weight, whereas the RNA content of fraction II was 7.5%. To verify these findings, the whole particulate fraction was treated with ribonuclease. Ribonuclease (100 U/mg of RNA) was added and the particles were dialyzed against 50 mM phosphate buffer, pH 7.6, at 4 C. After 48 h, the RNA content of particles decreased from 37 to 1.5% of the total dry weight as measured by the orcinol reaction. This fraction was subjected to centrifugation at 100,000 x g for 2 h and the sediment was suspended in 50 mM phosphate buffer. With phenylalanine and arginine, the specific activities of the particles so treated remained essentially the same as activities of the untreated particulate fraction.
The whole particulate fraction from P. rettgeri had been shown previously to contain sufficient catalase to decompose any, peroxides formed during the course of the reaction (11) . Particles catalyzing the oxidation of Lphenylalanine were found to be devoid of catalase activity (Fig. 1) . Some catalase activity appeared to be associated with the particles catalyzing the oxidation of L-arginine, whereas most of the catalase appeared to be associated with the lighter particles.
Substrate specificity. 
cine, L-methionine, S-adenosyl-L-homocysteine, and S-adenosyl-L-methionine (Table 1) .
In addition to these substrates, fraction I contained measurable activities toward Lvaline, L-threonine, L-alanine, L-serine, and Lproline. However, activities were less than 3% of the activity with L-phenylalanine. Fraction I had essentially no measurable activity toward glycine, L-citrulline, the basic L-amino acids, L-dicarboxylic amino acids, or any of the D-iSo-
Activities toward the basic L-amino acids and L-citrulline in fraction II were enriched about eightfold over the whole particulate fraction. These particles contained very little activity toward the other L-amino acids ( Table 1) . Repassage of these particles through linear sucrose gradients resulted in complete removal of all activity toward any of the monoaminomonocarboxylic, aromatic, or sulfur-containing amino acids tested, whereas activities toward the basic amino acids and citrulline remained unchanged. Fraction II had essentially no activity toward any of the basic D-amino acids.
Kinetics. The kinetic parameters for the two particulate-bound oxidases described in Table 2 were obtained from conventional double-reciprocal plots by using 8 to 10 substrate concentrations varying from 0.2 to 40 mM. Oxidase I had a relatively high affinity for the aliphatic and aromatic L-amino acids, L-tyrosine, L-leucine, L-phenylalanine, and tryptophan. The affinity of this enzyme for the sulfur-containing amino acids was somewhat less. Maximal velocities obtained for all substrates tested did not vary greatly.
Oxidase II has a particularly high affinity for L-arginine. Substrate inhibition occurred at concentrations of arginine greater than 1.0 mM (Fig. 2) . Activation occurred at arginine concentrations greater than 20 mM, resulting in anomalous kinetics. The addition of phosphate, Na+, K+, ammonia, 2-oxo-3-guanidinovaleric acid, flavine adenine dinucleotide, riboflavine 5'-phosphate, or nicotinamide adenine dinucleotide had no effect on the rate of oxidation of arginine. The kinetics for lysine, ornithine, and citrulline showed simple hyperbolic functions, (Fig. 1 ) were pooled and centrifuged at 102,000 x g for 2 h, and the particles were suspended in 50 mM phosphate buffer, pH 7.5. cTubes 7 through 9 under peak 2 ( Fig. 1 ) were pooled and treated as above.
whereas histidine at concentrations greater than 25 mM demonstrated slight substrate inhibition.
Optimal pH. The effects of pH on the activities of oxidases I and II are presented in Table 3 . All reactions were carried out with substrate concentrations at which maximal velocities were obtained. The pH optimum for oxidase I was slightly lower than that for oxidase II. All pH curves decreased more sharply at higher than at lower pH values. In general, the pH optima for the L-amino acid oxidases from P. rettgeri were comparable to that found with P. mirabilis (14) .
Thermal inactivation. Results of studies in which the two particulate-bound oxidases from P. rettgeri were heated at 45 C for 5, 10, and 20 min in the absence of substrate are presented in Table 4 . All activities of oxidase I toward the aliphatic, aromatic, and sulfur-containing amino acids and all activities of oxidase II toward the basic amino acids and citrulline were found to be equally thermolabile. L-Amino acid oxidase II was more thermolabile than the other oxidase.
Inhibitors. The effects of various inhibitors on the rate of oxidation of several amino acids by oxidase I (fraction I) are presented in Table  5 . All compounds tested inhibited activity to varying degrees, whereas the percentage of inhibition caused by any one of these compounds was similar for all substrates tested. Certain divalent cations have been shown to stimulate the oxidation of amino acids by particulatebound oxidases (15) . Consequently, the loss in activity in the presence of these inhibitors may be due to their chelating properties. Inhibition by CN-suggests intervention at the level of electron transfer. Oxidase II was also inhibited by chelating agents (data not shown).
Inhibition by arginine. When arginine at concentrations of 2.0 to 20 mM was added to varying concentrations of L-histidine or L-ornithine, the sum of the activities was equivalent to that of arginine alone (Fig. 3) . At arginine concentrations of 0.5 mM or less, activities were a Enzyme fractions I and II were heated at 45 C for 5, 10, and 20 min, respectively, chilled on ice, and assayed as outlined under Table 2. presence and absence of arginine. The data in Table 6 agree well with the kinetic data presented in Fig. 3 . Arginine at concentrations of 0.5 mM or less allowed for the formation of imidazole pyruvate from histidine, whereas the oxidative deamination of histidine was completely inhibited by arginine at concentrations of 2.0 mM or greater.
DISCUSSION
Results from sucrose density gradient studies showed that the particulate fraction from P. aEnzyme fraction I was assayed as outlined under Table 2 .
particles constituting either a portion of the cell membrane or discrete particles within the cytosol. Pelmont et al. (14) have found that the oxidases of P. mirabilis, P. vulgaris, and P. morganii are all located within the cell membrane.
One of the oxidases from P. rettgeri appears to catalyze the oxidative deamination of the aromatic, monoaminomonocarboxylic, sulfurcontaining, imino, and f3-hydroxy L-amino acids with no affinity for the basic L-amino acids or L-citrulline. A common site for the oxidation of these amino acids was indicated by the similar heat inactivation profiles and pH optima and by similarities in sensitivity to various inhibitors. The other oxidase from P. rettgeri catalyzes the oxidative deamination of L-arginine, L-histidine, L-ornithine, L-citrulline, and Llysine with no affinity for any of the other L-amino acids tested. A common site for the oxidation of these amino acids is indicated by the similar heat inactivation profiles, similar pH optima, and the inhibition of the oxidation of lysine, histidine, citrulline, and ornithine by arginine. All these amino acids contain a or -NH-grouping that may be required for activity with this enzyme.
The finding that P. rettgeri contains two L-amino acid oxidases may not be unique. Thermal inactivation studies carried out by Pelmont et al. (14) indicate that P. mirabilis also contains two oxidase systems. They found that activities with the aliphatic, aromatic, and sulfur-containing amino acids were equally thermolabile, whereas activities with the basic amino acids decreased much faster. If the amino acids utilized by both oxidases from P. rettgeri are listed together, the pattern is quite D OXIDASE 661 similar to the substrate specificities of the oxidases from Mytilis endulis (4) and chicken liver microsomes (19) . Oxidases from these sources are particulate in nature and are active toward the aliphatic, aromatic, sulfur-containing, and basic L-amino acids. However, there is no evidence that oxidases from these sources constitute more than one enzyme.
Oxidase I from P. rettgeri may be considered to be a general L-amino acid oxidase. However, the soluble oxidases from mammals (3), snake venom (13, 18, 22) , and Neurospora (6, 21) have somewhat broader substrate specificities. The rat liver and kidney enzymes (3) are devoid of activity with omithine, arginine, and lysine but are active with histidine. The oxidases from snake venom (13, 22) and Neurospora (6, 21) are active with citrulline as well as most of the basic amino acids.
The L-amino acid oxidase II from P. rettgeri had a very high affinity for L-arginine, whereas marked substrate inhibition occurred at concentrations of arginine in excess of 1.0 mM. The most striking finding was that at arginine concentrations greater than 20 mM activation occurred. In this respect arginine appears to behave somewhat like an allosteric effector. However, we are dealing with a particulatebound enzyme, and other explanations for the anomalous kinetics observed with arginine might be as plausible. Irrespective of the actual mechanism involved, L-arginine markedly reduces the affinity of the enzyme for histidine, lysine, ornithine, and citrulline. The concentration of arginine required to inhibit the oxidation of lysine, ornithine, or citrulline is well below the Km for these amino acids; consequently, arginine might play a bioregulatory function.
